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Does [12] for details). GCKPwasreplaced withGCKP84 [13] , which uses theGEAR package [14] , asmodified byZeleznik [15] tointegrate thechemical kinetics ODEs. Theworkof Radhakrishnan [16] [17] [18] [19] showed thatfor chemical kinetics applications, LSODE [20, 21] wasthe mostefficient and accurate codeamong theseveral examined. Thesolver in GCKP84 wastherefore replaced withLSODE, and thenovel capability ofperforming sensitivity analysis for nonisothermalproblems (i.e.,combustion kinetics) wasincorporated into thenewcode, GCKP86 [22] .The sensitivity analysis computations use the decoupled direct method [1, 12, 23, 24] , as implemented by Dunker [23] for isothermal kinetics and modified by Radhakrishnan [24] for combustion kinetics.
This method has shown greater efficiency and stability, with equal or better accuracy, than other methods of sensitivity analysis [1, 12, 23, 24] . Subsequently, many improvements and new options were incorporated into GCKP86, and the present version, LSENS, replaces the previous NASA general chemical kinetics codes GCKP [10] , GCKP84 [13] , and GCKP86 [22] .
Description of Code and Capabilities
The LSENS code has been designed for the following reaction models and computations: [25] . The second group includes the subroutines required for sensitivity analysis; several of these routines were adapted from the code CHEMDDM [26] . The last group contains the subprograms included in the code LSODE [20, 21] , which is used to solve the governing ODEs. The BLOCK DATA module is located at the end of the code. A detailed flowchart of the MAIN program is given in Fig. 1 , which essentially illustrates the structure of LSENS. The routine KINP (shown in Fig. 1 ) processes the reaction mechanism and much of the input data required to solve the problem. The routine SENDDM is the main subprogram in that section of the code which performs sensitivity analysis. This routine also manages the calls to LSODE.
LSENS has been arranged as much as possible in a 
where v i' is the stoichiometfic coefficient (i.e., number of moles) of reactant species i in the reaction, vi" is the stoichiometric coefficient of product species i in the reaction, S i is the chemical symbol for species i, and k)eand k r are the forward and reverse rate coefficients, respectively. In equation
(1), either species S l or S 4 or both may be either absent or the general third-body collisional partner M. Therefore all collisional processes, including isomerization and spontaneous activation and deactivation of excited species, are considered.
In addition, photochemical reactions of the following type are allowed:
where hv represents a single quantum of radiation absorbed by the reactant.
All reactions are assumed to be elementary, that is, real molecular events (e.g., [4] ), and so the {vi'} and {v/'} are integers. Also, all species are assumed to be ideal gases. For each reaction, irrespective of its type, the forward rate coefficient is usually given by the empirical expression [4] ,
where the preexponential factor A, the temperature exponent n and the activation energy E are constants, R is the universal gas constant and T is the temperature. For a reversible elementary reaction, either the user may specify the reverse rate coefficient or it is computed within the code, by using the principle of detailed balancing or microscopic reversibility [4] :
where K c is the concentration equilibrium constant for the reaction [1] .
Thermodynamic and Transport Properties
The thermodynamic properties of the species are computed by using the empirical equations given by Gordon and McBride [25] . For each species i the nondimensional properties molar-specific heat at constant pressure (Cp.i/R), molar-specific enthalpy (hi/RT) and the one-atmosphere molar-specific entropy (sT/R) are specified as functions of temperature as follows:
where ai, 
The coefficients in these equations are obtained by least-squares fitting. The gas mixture dynamic viscosity and thermal conductivity _c are computed using formulae suggested by Wilke [30, 31] and Lindsay and Bromley [32] .
Heat Transfer Models
The heat transfer rate between a reacting system and its surroundings is, in general, a function of the reacting gas and ambient temperatures, as well as flow rate and geometry. It is most likely that exact heat exchange rates will not be known when modeling an experimental reacting system. Therefore the main usefulness of the code will be in determining the effects of various assumed heat transfer rates. The default method is to prescribe the heat loss rate, Q, (or heat loss rate per unit length, Q' ) as a polynomial function of the reacting mixture temperature:
where the {Hk} are user-specified constants.
For onedimensional flow problems, the code also contains built-in procedures for computing Q', by using standard correlations for the heat transfer coefficient for laminar and turbulent pipe flows (e.g., [33] ).
Chemical Kinetics Problems
To describe the temporal or spatial evolution of homogeneous chemical reaction systems, equations are needed for species concentrations, temperature, density, pressure, and possibly, velocity [4] . Mathematical descriptions of combustion kinetics problems constitute sets of coupled, first-order ODEs, which can be generalized as follows:
where an underscore represents a vector quantity. In equation (11), ): is the solution vector with N components, where N depends on the problem type, and _ is the independent variable--time, t, or axial distance, 
In this equation, the {otj} and {13j} and the integers K 1
and K 2 are associated with a particular integration method, hn (= _n -_n-1) is the stepsize for the current step, ]_.j is the numerical solution vector at _n-j, and _,_j [= f(J_j_j)] is the approximation to the exact derivative vector (_n-)) at _n-j"
Extensive experimentation by Radhakrishnan [1] showed that the BDF method is consistently superior to the Adams method for chemical kinetics applications, and is therefore the default method in LSENS. For the BDF method, K 1 = q and K 2 = 0, and equation (12) 
where I is the NxN identity matrix, and the NxN matrix J is the Jacobian matrix, with element Ji.j defined as
A useful feature of LSODE is that it will estimate the elements of the Jacobian matrix by finite-difference approximations, if the user chooses not to provide analytical expressions for them. However, this method requires (N + 1) derivative evaluations for a system of N ODEs and so, as shown by Radhakrishnan [1] , is much more expensive than the use of an analytical Jacobian, especially for large N.
Therefore, LSENS includes analytical Jacobians for all problem types, although the user has the option of using the numerical Jacobians generated by LSODE.
Sensitivity Analysis
For any static reaction problem the first-order sensitivity coefficients {Sij (= _Yi/_l]j)} can be computed. Here Yi is the numerical solution for the ith (i = 1,...,N) dependent variable and rlj is either an initial condition value or a rate coefficient parameter (i.e., A, n, E; see equation (3)). The ODEs for the sensitivity coefficients are obtained by differentiating equation (11) with respect to rlj and then interchanging the order of differentiation with respect to _ and lqj. The result is (17) where J is the Jacobian matrix (eq. (16)) and Sj = 0]ff_l]j. Note also that because equation (17) is linear, equation (19) is linear. Hence the solution can be obtained explicitly; that is, without an iterative predictor-corrector procedure. Thus, unlike the calculation procedure for the model solution, there is no need to measure or control the error incurred by the sensitivity coefficients; of course, one must ensure that the model solution is sufficiently accurate, to guarantee accuracy of the computed sensitivities.
Equations (14) and (19) show the similarity between the model and sensitivity equations. The DDM exploits this similarity by alternating the solution of equation (19) with that of equation (14). At each step [_,_-l,_n] the solution for the model problem is advanced. Then the new solution _2 is used in equation (19) to advance the {Sj} by the same step.
The process of advancing Z and then the {Sj} by the same step is repeated until the end of the integration interval.
An important feature of LSENS is that it can be used to generate any number of sensitivity coefficients, from just one initial condition or one rate coefficient parameter of one reaction to the full set of all Ninitial conditions and all 3 The code has built-in procedures for computing the equilibrium composition for the following four assigned states:
(1) pressure and temperature;
(2) pressure and mixture mass-specific enthalpy; (3) specific volume and temperature;
and (4) specific volume and mixture mass-specific internal energy. For cases 2 and 4 the equilibrium temperature is also determined.
The code automatically performs the appropriate type of equilibrium calculation, depending on the kinetics problem being solved.
The calculation procedures for the equilibrium states were adapted from the code CEA [25] . The equilibrium state is obtained by minimizing either the Gibbs or Helmholtz function. In either case, the chemical equilibrium criterion that must be satisfied by the system is given by [35] NS
where NS is the total number of species in the reacting gas mixture and _tj is here the chemical potential of species j.
This minimization is subject to several constraints imposed by the conservation of atomic species (all cases), the assigned enthalpy (case 2), and assigned internal energy (case 4).
The resulting algebraic equations are solved by using a descent Newton-Raphson iteration method, which automatically limits the size of the corrections at each iteration to avoid convergence difficulties. Also, to prevent negative concentrations and temperature, the code solves for the logarithm of the variables.
Incident Shock

LSENS includes
an option to compute the thermodynamic state and velocity behind an incident shock. Two types of computations are performed. First, the code solves for the "equilibrium" shock conditions, that is, after the shock initiated reactions have equilibrated. The second calculation produces the "frozen" shock conditions immediately after shock passage, when the composition is unchanged from its initial value. In both cases, the post-shock conditions are obtained by solving the mass, momentum and energy conservation equations describing steady, inviscid flow of an ideal gas:
In these equations, which assume that the coordinate system is attached to the shock, p, V, p, and h are respectively the mixture density, velocity, pressure and mass-specific enthalpy. The subscripts 1 and 2 indicate, respectively, conditions upstream and downstream of the shock.
The calculation procedure for both the frozen and equilibrium states were adapted from the NASA code CEA [25] . 
In equations (24) and (25) , n'7 is the mass flow rate through the reactor, Wi is the molar rate of production of species i per unit volume, V is the reactor volume, NRS is the total number of reacting species, Q is the heat loss rate from the reactor, and the superscript * denotes inlet conditions. The heat loss rate can be specified as a polynomial function of up to fourth degree in reactor temperature (see equation (10)).
To solve the system of algebraic equations, LSENS uses thevariables. Starting withconditions close to theequilibriumstate, a series ofperfectly stirred reactor computations isperformed untilthedesired mass flowrateorreactor temperature is reached. Thistechnique is used tominimize the possibility of convergence to a falsesolution---one thatis mathematically correct butphysically unrealistic. Theroutineincludes several testsand, whennecessary, restarts of thecalculation toensure that thesolution isphysically meaningful.Finally, it includes tests forpossible blowout of the chemical reaction withinthereactor. LSENS contains many error messages--every input parameter is tested for legality and consistency with the other input variables. For example, the code includes an option to check the legality of the reaction mechanism. The code verifies that no reaction is duplicated and that each reaction satisfies charge and atom balance requirements.
Reaction duplication may arise because the same reaction is written in different forms in different regions of the input file.
If illegal input is discovered, a detailed message is printed. Each error message is self-explanatory and complete. It not only describes the mistake, but also tells the user how to fix the problem. During execution, some tests are made to ensure that variables are within either given or reasonable bounds. Any difficulty encountered during execution will result in an error exit. A message giving the reason for the termination and the name of the subprogram where the problem occurred will also be printed. If the computation stops prematurely, the user should look for the error message near the end of the output file.
Code Usage
Two input data files are normally required to execute the code. The first one, referred to as the "Standard Thermody- If multiple problems are to be solved during a single execution of the code, the required data for the second and subsequent cases depend on the information, if any, that can be used from the previous case(s). The code was designed to minimize the amount of input data, especially when they are the same for two or more consecutive cases. Thus, for example, the user need not provide the reaction mechanism when it either is identical to that used on the previous case or can be obtained from it by adding reactions or by modifying rate coefficient parameters. Other data for the problem may either be included for every new case or, in most cases, the data most recently specified will be used.
Illustrative Test Problems
In addition to the Thermodynamic and Transport Proper- Same problem as case 2, but with a larger reaction mechanism.
Hydrogen-oxygen combustion in subsonic flow with heat transfer.
Static, rich methane-air combustion at assigned pressure with heat transfer.
Lean methane-air adiabatic combustion in supersonic flow at constant pressure.
Same problem as case 6, except that the area obtained from case 6 is assigned as input.
Same problem as case 6, except that the area and temperature obtained from case 6 are assigned as input.
Constant-density, static methanol-air adiabatic combustion.
Constant-temperature, constant-pressure, methane-air reaction in supersonic flow.
Perfectly stirred reactor combustion of a rich propane-air mixture, followed by supersonic expansion of the combustion products through a diverging nozzle with heat loss.
High-temperature, adiabatic air ionization reaction in constant-area subsonic flow.
High-temperature, high-pressure, static reaction of carbon monoxide-hydrogen mixture at constant density and constant temperature.
Constant-density,
adiabatic, static problem involving photolytic ignition of hydrogen-oxygen mixture at low initial temperature.
Methane-air combustion in supersonic flow, with assigned duct area and output required at axial locations corresponding to specified values of duct area.
Same problem as case 15, except here output is required at specified axial positions. Constant-volume, isothermal pyrolysis of ethane, using a simplified mechanism. 5
Constant-volume, isothermal reaction of a methane-oxygen-argon mixture con-44
taining trace concentrations of carbon dioxide and hydrogen.
Constant-volume, isothermal oxidation of a formaldehyde-carbon monoxide mix-25 ture.
Constant-volume,
isothermal reaction of a wet carbon monoxide-oxygen-nitrogen 52 mixture.
Adiabatic, constant-pressure isomerization reaction with simplified rate coeffi-1 cient expression that permits analytical solution.
Constant-pressure, adiabatic, static ignition of a stoichiometric hydrogen-air mix-40 ture, seeded with 0.45% nitric oxide. 
